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Abstract

Leber’s hereditary optic neuropathy (LHON) is an inherited disorder affecting the retinal ganglion
cells (RGCs) and their axons that lead to the loss of central vision. This study is aimed at
evaluating the LHON symptoms in rats administered with rotenone microspheres into the superior
colliculus (SC). Optical coherence tomography (OCT) analysis showed substantial loss of retinal
nerve fiber layer (RNFL) thickness in rotenone injected rats. Optokinetic testing in rotenone
treated rats showed decrease in head-tracking response. Electrophysiological mapping of the SC
surface demonstrated attenuation of visually evoked responses; however no changes were
observed in the ERG data. The progressive pattern of disease manifestation in rotenone
administered rats demonstrated several similarities with human disease symptoms. These rats with
LHON-like symptoms can serves as a model for future investigators to design and implement
reliable tests to assess the beneficial effects of therapeutic interventions for LHON disease.
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1. Introduction

Leber’s Hereditary Optic Neuropathy (LHON) is a rare maternally inherited disorder caused
by defects in complex I subunit of the mitochondrial respiratory chain. LHON is
characterized by selective degeneration of the retinal ganglion cell (RGC) layer and rapid
onset of visual loss [1, 2]. Clinically, LHON results in acute or subacute central visual
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failure, initially in one eye followed shortly by loss in the fellow eye [3-6]. During the acute
stage, LHON presents a retinal nerve fiber layer (RNFL) edema, a chronic stage follows
which is characterized by a preferential degeneration of central optic nerve fibers of the
papillomacular bundle. As a result, a pronounced central or cecocentra scotoma is observed
with retention of peripheral vision is typically noted in LHON patients [3-6]. At least 95%
of individuals with LHON harbor one of three mutations in mtDNA (11778G>A, 14484T>C
and 3460G>A) that affect genes encoding complex | subunit of the respiratory chain [3, 4,
7]. Itis currently unknown why RGCs and optic nerve are preferentially affected, even
though the mtDNA mutation is present throughout the body. And it is still unclear whether
the disease is somagenic or axogenic as mitochondria are present both in the cell body and
along the RGC axon [8]. Hence several factors pertaining to the origin and progression of
the LHON disease still remain unclear. To develop effective treatment strategies and to
better understand the disease mechanisms, it is important that faithful animal models
presenting similarity with the human disease are created.

The majority of existing rodent models for LHON disease are created based on either direct
injection of complex | inhibitor into the eye or genetic manipulation of complex | subunits
[9-13]. Rotenone is a potent inhibitor of the mitochondrial complex I [14]. It has been used,
in vitro and in vivo, to study neurodegenerative diseases [15, 16]. Dysfunction of the
respiratory complex | lead to energy deficiency and excessive production of reactive oxygen
species (ROS). Direct intravitreous injection of rotenone (0.5-1pl) induces rapid loss of
RGCs followed by a reduced RNFL thickness observed as early as 24 hours after the
injection as demonstrated by histological assessments [9-11]. In the above animal models,
since the RGC body is the major target for disease induction, the chronic evolution that
characterize the LHON diseases to be studied over a period of time could be missing. Hence
the above approach may not be capable to provide sufficient window for therapy research.
Another animal model created based on intravitreous administration of iRNA of complex |
subunit of NDUFAZ1 also induced degeneration of RGCs; however no functional assay has
been conducted [12]. A mutant mouse model, carrying mtDNA ND6 P25L mutation was
reported more recently showing RGC axonal swelling and abnormal mitochondrial
morphology [13]. These mice are also considered as a model for LHON disease although
some deficiencies in photoreceptor function is observed based on ERG recording.

Our earlier studies demonstrated that subcutaneous injection of rotenone-loaded
microspheres allow slow, persistent and long-term release of rotenone, resulting in a
sustained level of rotenone in the blood for at least 2 months [17]. Based on this information
a rat model showing LHON-like symptoms was created by rotenone microsphere
administration in the optical layer of the superior colliculus (SC) [18]. In this model, both
the nerve cells and their axons (especially node of Ranvier) are targeted instead of the whole
retina and hence can be considered as a preferable model to study LHON-like disease
symptoms [19]. Detailed visual functional analysis and imaging techniques are required to
further establish that the above rat model manifests similarities with LHON patients in the
progression and manifestation of the disease symptoms. Hence the present study is aimed to
evaluate the disease symptoms of LHON in this animal model based on non-invasive
imaging, behavioral and electrophysiological assessments and compare with disease
symptoms in LHON patients.
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2. Materials and Methods

2.1 Rotenone Microsphere Injection in Rats

Animals used in all experimental procedures were maintained in accordance with the NIH
Guide for the Care, Use of Animals and the ARVO Statement for Use of Animals in
Ophthalmologic and Vision Research, and with the approval of Animal Care and Use
Committee (IACUC) of the USC. Fluorescent-tagged, biodegradable poly (DL-lactide-co-
glycolide) (PLGA, lactide:glycolide 75:25, mol wt 90,000-126,000, Sigma) microsphere (50
pum diameter) beads loaded with either PBS or rotenone were used. Long Evans (LE) rats
(Charles River Laboratories International, Wilmington, MA, USA) were housed in a 12
hours light/dark cycle. The LHON disease symptoms were induced by microinjection of
rotenone-loaded PLGA microspheres (4 pg/4 pl) into the bilateral optical layer of the
superior colliculus of anesthetized rats (n=14, 2-3 months old, male and female) at speed of
750 nl/min using a pump-driven 10ul Hamilton syringe. The location of injection was
targeted based on stereotaxic coordinates established in our previous study [18]. Seven age-
matched LE rats were injected with PBS-loaded PLGA microspheres as control group.

2.2 Optical Coherence Tomography (OCT)

Quantitative RNFL thickness measurements were obtained using Spectralis HRA2 + OCT
(Heidelberg Engineering, Heidelberg, Germany). OCT images were segmented using
software version 5.0 (Heidelberg Engineering, Heidelberg, Germany). RNFL thickness for
each quadrant of the optic nerve head was averaged for the entire circumference around the
optic disc (diameter of 3.4 mm). Mean RNFL and total retinal thickness were evaluated at 2,
4 and 8 weeks postoperatively.

2.3 Optokinetic (OKN) behavioral testing

Optokinetic testing was performed using a modified version of the custom-made computer
based apparatus used previously [20]. The upgraded system is equipped with EthoVision®
XT, Noldus Information Technology software that enabled easy recording and processing of
the head-tracking behavior. Each rat was tested using a stripe width that evoked maximum
head-tracking response based on previous experiments [20] and the total head-tracking
duration was calculated for every 2 minutes test period. Contrast sensitivity was determined
by varying the contrast of the black and white stripes. The animals were tested initially at the
maximum contrast level (white:black=305:15 cd/m?2). The contrast sensitivity threshold for
each animal was determined by decreasing the contrast between the black and white stripes
at steps of approximately 0.5 cd/m2. The contrast at a given spatial frequency was calculated
using the formula (Lmax-Lmin) / (Lmax+Lmin) where Lmax is the brightness (in cd/m?) of
the white stripe, and Lmin is the brightness of the black stripe (in cd/m?). At each time point
animals were tested 3 times.

2.4 Superior Colliculus (SC) Electrophysiology

Electrophysiological recordings of visual evoked responses in the SC were performed in
anesthetized animals following overnight dark adaptation as described previously [21]. After
unilateral parietal craniotomy, the SC was exposed by cortical suction. Under direct
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visualization of the SC, a custom-made tungsten microelectrode was inserted superficially
into the SC and advanced 200 microns below the surface. Recording was always started at
the extreme lateral edge of the SC and was performed from up to 50 locations. The electrode
was moved in definite rows and columns (approximately 200 microns apart) to cover the
majority of the SC surface. During the recording of the visually evoked responses, a full
field light flash of varying light intensity was projected onto the contralateral eye (Grass
model PS 33 Photic stimulator, W. Warwick, RIl, USA). The intensity of light stimulus was
varied stepwise using neutral density filters (Lee Filters, Andover, U.K.) by a factor of 0.25
ranging from -6.44 to 0.19 log cd/m2. Multi-unit responses were recorded using a PowerLab
data acquisition system (ADI Instruments, Mountain View, CA, USA). Light evoked
responses were averaged and analyzed using Scope software and the luminance threshold
for each recording site was determined. The stereotactic co-ordinates of individual recording
sites were plotted into a contour map using Origin Pro 8.6 (OriginLab, Northampton, MA)
that represented the distribution of the threshold over the entire SC surface.

2.5 Electroretinography (ERG)

Rats were dark-adapted for a 12 hour period prior to ERG recordings performed using
Espion ERG Diagnosys system (Diagnosys, Lowell MA). Animals were anesthetized with
ketamine (75 mg/kg) and xylazine (1.0 mg/kg) anesthesia mixture administered
intraperitoneally. The pupils were dilated using drops of 10% AK-Dilate (phenylephrine
hydrochloride) and 0.5% tropicamide solution. Surface contact electrodes (Mayo
Corporation, Japan) were placed on the rat eye with the help of Celluvisc (Allergan, Irvine,
CA). Scotopic ERG analysis was performed using 0.001 to 10 cds/m? flash stimulus.

2.6 Statistical Analysis

Statistical comparisons were made with student’s t-test using Graphpad Prism software
(Graphpad Software Inc., La Jolla, CA). For all comparisons, the significance level was
determined at p<0.05.

3. Results

This study investigated the effect of rotenone administration on RNFL thickness by OCT
imaging. After the infusion of rotenone microspheres bilaterally into the rat’s optical layer
of the SC, the animals exhibited one of the major characteristics of the LHON disease, a
significant decrease (p<0.05) in RNFL thickness (Fig. 1) that was observed at the 8 weeks
post-injection period. No such defect was observed in the PBS injected control rats.

A decrease in the duration of head-tracking was observed in rotenone injected rats during
the follow up assessments performed at various time points starting 2 weeks post-injection.
The differences in the OKN response between rotenone treated and the PBS treated groups
were found to be statistically significant during the 4, 6 and 8 week’s post-injection tests
(p<0.05) (Fig. 2A). Rotenone treated animals also showed significant loss of contrast
sensitivity when tested 8 week post-injection (p<0.05) (Fig. 2B).

Electrophysiological recording from the superior colliculus demonstrated changes of the
visual sensitivity in rotenone treated rats 8 weeks post-injection. The humber of recording
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sites that showed visually evoked responses during retinal light stimulation was significantly
less in rotenone injected rats (p<0.05). The decrease in the SC response was observed at the
various light levels (-6.44 log cd/m? to -0.39 log cd/m?)(Fig. 3A). A map of the SC showing
threshold stimulus level suggested that the damage caused due to rotenone administration
encompasses almost on the entire SC surface (Fig. 3 B).

Since the rodent retinas are composed of mostly rods [22], the scotopic ERG response after
rotenone administration was evaluated. At 8 weeks, no significant defects were observed in
the b-wave amplitude of rotenone injected and control animals. The oscillatory potentials
(OPs) did not display any significant changes between rotenone and PBS injected rats.

4. Discussion

In humans, LHON disease induces a bilateral loss of vision that often occurs asynchronously
over the course of several weeks [5, 6]. Some patients continue in a “chronic” disease state
characterized by a low-grade degenerative process that may consistently worsen over time
[6]. Here a method that induces, in rats, symptoms of LHON over a course of several weeks
as to what it is observed in human during LHON progression is reported. This report
describes a method that induces LHON symptoms in rats over a course of several weeks
comparable to what is observed in human during disease progression.

Previous studies confirmed that ganglion cells are highly sensitive to the neurotoxic
properties of rotenone in vivo [11]. Intravitreal delivery of rotenone could produce
significant thinning of the nerve fiber, inner plexiform and ganglion cell layers, and loss of
RGC 1-7 days post- intravitreous injection [9-11]. In the rat model reported in this study, the
injection of slow releasing rotenone-loaded microspheres directly into the optic layer of the
superior colliculus triggered optic nerve atrophy and concomitant functional deficits. The
above symptoms are comparable to the observations in human LHON patients.

Multiple visual functional assessments were used (OCT, ERG, contrast sensitivity
assessments and recording from the higher visual centers) that are comparable to the
standard clinical assessments performed in LHON patients [23-27]. Infusion of rotenone
containing microspheres into the rat superior colliculus will cause rotenone uptake by
mitochondria at the optic nerve axonal terminals by its retrograde transport since it has been
well established that mitochondria can move in both anterograde and retrograde directions in
one axon [28]. The animal model reported here displayed progressive rotenone-induced
RNFL thickness loss and visual functional deficits suggesting that this model could be used
to test treatment strategies at desirable stages of the disease progression.

OCT assessment clearly demonstrated loss of RNFL thickness that can be considered a
typical manifestation of the human disease condition [23]. Although OCT scanning in our
rat model demonstrated considerable loss of RNFL thickness, there was no sign of
pseudoedema or papilledema — the anomalies observed in the human patients [4, 25]. Such
discrepancies can be expected due to the fundamental differences in the structure between
human and rodent eyes.
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Visual functional assessments are important measures to understand the beneficial effects of
treatment strategies employed in animal disease models. Optokinetic (OKN) testing is a fast
and reliable testing procedure that could be easily repeated several times in the same animal
at different time points after treatment [20]. Statistically a significant decrease in the
duration of optokinetic head-tracking response was observed in rotenone treated rats. Based
on our previous observations, damage to the retina and optic nerve starts about 2 weeks
post-injection which leads to vision impairment mostly due to the degeneration by ROS [18,
19]. Some discrepancy observed in the OKN score between the current investigation and the
previous study could be related to the possible differences in the OKN scoring procedures
employed in the two different laboratories.

Additional defects in the visual function of rotenone treated rats were observed based on the
contrast sensitivity data. Loss of contrast sensitivity is considered a manifestation of the
inner retinal defects [29]. Rotenone injected rats showed contrast sensitivity defects when
tested at various luminance conditions suggesting the severity of the disease progression.
This finding is also in consistent with clinical study data demonstrating contrast sensitivity
loss in LHON patients [24].

Pattern ERG (pERG) is considered a useful tool for assessing functional changes at the level
of ganglion cells in LHON patients, in this animal study, the properties of the visual signals
from ganglion cell terminations based on superior colliculus electrophysiology were
investigated. Significant differences between rotenone injected and PBS-injected animals
were observed in the properties of visual signals reaching the higher visual area of the
brains. As shown in Fig. 3A, at lower stimulus levels, only few SC sites in rotenone injected
animals showed responses to light stimulation. Considering the significant RNFL thickness
loss observed in the rotenone treated animals, the SC electrophysiology data suggests
possible damage occurred at the level of inner retinal layers including the axons of the
ganglion cells. The retina, which is an extension of the central nervous system, has the
highest relative oxygen demand compared to any other tissue in the body [3, 7]. This renders
it exceedingly susceptible to mitochondrial dysfunction. Rotenone uptake could take place
in the area immediately surrounding the injection site, the deleterious effects of rotenone
could be extended to distal areas and eventually the damage could be more global. This is
supported by the SC mapping data demonstrating damage extended to the central and
cecocentral regions of the superior colliculus. This finding is largely in accordance with
clinical observation in LHON patients showing characteristic central or cecocentral scotoma
[25, 26].

Finally, the electrophysiological testing based on ERG b-wave amplitude and oscillatory
potential suggested no apparent differences between rotenone and PBS injected animals.
The above finding demonstrates that most of the retinal function remained unaffected due to
rotenone induced atrophy and the disease manifestation is more limited to the RGC function.
No a-wave results are presented here since it is assumed that rotenone mostly affected the
RGCs. ERG studies in LHON patients also demonstrated apparent absence of defects in the
ERG wave forms [27] indicating functional integrity of photoreceptors, bipolar cells and
mdller cells.
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summary, the current study demonstrates the progressive pattern of LHON-like disease
mptoms in rotenone administered rats and its similarities with the human disease
ndition. The LHON-like rats presented here may help future investigators to design and

implement reliable tests for assessing the beneficial effects of therapeutic agents.
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Fig.1.
(A) Mean retinal nerve fiber layer (RNFL) thickness (mean+SEM) of control (n=7) and

rotenone (n=14) injected rats at various time points after rotenone administration in the
superior colliculus. Significant differences between the groups in the RNFL thickness is
indicated with * (p<0.05). (B) Representative OCT image of a control and a rotenone
injected rat at 8 weeks after injection. ILM: inner limiting membrane.
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(A) Optokinetic head-tracking duration (mean+SEM) of control (n=7) and rotenone (n=14)
injected groups at various time points after administration of rotenone in the superior
colliculus. Measurements were made at a luminance level of 0.22 log cd/m2. (B) Differences
in the contrast sensitivity (mean+SEM) between control (n=7) and rotenone injected rats
(n=14) measured at 8 weeks post administration of rotenone in the superior colliculus.
Significant differences between the groups are indicated with * (p<0.05).
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(A?) Percentage of responsive SC areas (mean+SEM) at various light stimulus used for
retinal stimulation in control (n=5) and rotenone (n=8) injected groups. Significant
differences between the two groups (* p < 0.05) in the stimulus threshold is observed
throughout the SC surface. The recordings were made from up to 50 SC locations. (B)
Representative diagrammatic sketch of the SC map showing stimulus threshold at various
recording sites from a control animal (left) and a rotenone treated animal (right).
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(A) ERG b-wave amplitudes (mean+SEM) and (B) oscillatory potential (mean+SEM) of
control group (n=4) and rotenone (n=6) injected group. No significant differences (p>0.05)
were observed between the control and rotenone treated animals tested at 8 weeks post-
injection.
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